The isothermal oxidation behavior of thermal barrier coating (TBC) specimens consisting of single-crystal superalloy substrates, vacuum plasma-sprayed Ni-22Cr-1OAl-1Y bond coatings and air plasma-sprayed 7.5 wt.% p a stabilized zirconia top coatings was evaluated by thermogravimetric analysis at 1150°C for up to 200 hours. Coating durability was assessed by furnace cycling at 1150°C. Coatings and reaction products were identified by x-ray diffraction, field-emission scanning electron microscopy and energy dispersive spectroscopy.
Introduction
Thermal barrier coatings (TBCs) are applied to gas turbine engine blades and vanes in order to reduce their operating temperatures, thus increasing component durability. A typical duplex TBC system consists of a thermally insulating ceramic top coating applied over an oxidation-resistant metallic bond coating. The most common top coating is air plasma-sprayed (APS) yttria stabilized zirconia (YSZ). Plasma-sprayed YSZ provides a porous ceramic layer possessing good strain tolerance and low thermal conductivity. Bond coatings typically consist of an MCrAlY (M = Ni, and/or Co) alloy applied by either APS or vacuum plasma spraying. The bond coat provides a rough surface to which the APS YSZ can mechanically bond, and protects the substrate from oxidation by forming a continuous scale at the bond coat/YSZ interface through the selective oxidation of aluminum [ 13. It is generally agreed that cyclic thermal expansion mismatch strains and growth of the interfacial oxide scale are the dominant TBC degradation mechanisms leading to failure by spallation of the YSZ top coat [2, 3, 41. However, the specific role of oxidation in the TBC damage accumulation process is not well understood [5] . Formation and growth of the interfacial scale involves a number of high-temperature solid-state reactions occurring in a complex multielement environment. An increased understanding of bond coat oxidation behavior and its effect(s) on YSZ degradation should provide valuable insight into methods of improving coating durability and TBC life prediction capabilities. The objective of this study was to evaluate the isothermal and cyclic oxidation behavior of a typical plasma-sprayed TBC system at an elevated temperature which accelerated the oxidation process. Subsequent phases of this study will use these methods to evaluate TBCs applied by electron beam-physical vapor deposition.
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Experimental
Materiuls
Superalloy substrate discs (2.2 cm diameter by 0.3175 cm thick with 0.08 cm edge radii) were machined from singlecrystal slabs of Rene'N5 (composition listed in Table I ). Substrate surfaces were grit-blasted, cleaned and vacuum plasma-sprayed (VPS) with Ni-22Cr-1OAl-lY(wt.%) bond coatings to a nominal thickness of 150 pm. Atomized spherical powders of -45/+10 pm size (Praxair NI-343) were used for the first 100 pm of bond coat, and powders of -106/+53 pm size (Praxair NI-2 1 1) were used for the outer 50 pm in order to provide adequate roughness for top coat mechanical adhesion.
Top coatings were applied by air plasma-spraying ( A P S ) 7.5 wt.% YSZ (with 1.5 wt.% hafnia) to a thickness of either 250 or 500 pm. The spherical YSZ powders were -106/+10 pm size (Metco 204NS). Table II lists APS and VPS parameters.
Isothermal Oxidation
Four types of specimens (described in Table III) were prepared for thermogravimetric analysis (TGA). Type B, C and D specimens were coated on both faces. Substrate edges were not directly coated, but were covered by overspray.
Isothermal oxidation weight gains were measured by continuous thermogravimetry using an ATUCahn TG-171 high-mass TGA system with a vertical tube furnace configuration. Tests were conducted at 1150°C (+ 3°C) in dry air flowing at 100 cm3min-'. Specimens were suspended from a sapphire hanger in a Pt -Rh wire basket. They were heated in the reaction gas at a rate of 50"C/min, isothermally held for 1,50, 100 or 200 hours, and cooled to room temperature at an average rate of S.O"C/min.
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T h e m 1 Cycling
Thermal cycle testing was conducted in a programmable, automated furnace at 1150°C.
Specimens were coated on one face with a 250 pm TE3C. Thermal cycles consisted of a 15 minute heat up to 1150°C (+ST), a 60 minute isothermal hold at 1 150°C in static ambient air, and forced air cooling for 30 minutes to approximately 90°C. Specimens were examined at 12 cycle intervals until failure (defined by visible cracking or delamination of the YSZ) occurred.
Characterization
Oxides which formed on the bare metal surfaces during isothermal oxidation were identified by X-ray diffraction (XRD). Oxide morphologies and compositions were evaluated by fieldemission SEM/EDS of NiCrAlY surfaces and metallographically prepared cross-sections of TBC-coated specimens (after 1, 100 and 200 hours).
Results and Discussion
Isothermal Oxidation
The isothermal oxidation curves for the 4 types of TGA specimens at 1 150°C are compared as The kp value of specimen B-4 (polished) was calculated to be 1.51 x g2cm4 s-' which is on the order of the value reported for an alumina-forming Ni-20Cr-13Al-0.07Zr alloy (kp = 5.2 x g2cm4 s-*) at 115OOC [7] . The mean k, value of all TBC-coated specimens was 1.3 x lo-" g2 I cm4 s-I, which was lower than the value reported at 1083°C in oxygen (k, = 3.9 x 10-12g2cm-4s-')
for Ni-18Cr-12Al-0.3Y coated with APS YSZ [6] .
No spallation of YSZ occurred during or after isothermal testing up to 200 hours. Slight spallation of the scales on the bare NiCrAlY was noted during cooling.
Superalloy and Bare NiCrAlY Reaction Products
X-ray diffraction of the as-sprayed NiCrlUY detected y ' (Ni3Al) and p (NiAl) as the major phases. The primary phases of as-sprayed VPS Ni-220-1OAl-1Y (as determined by electrolytic extraction) have been reported as y (nickel solid-solution), y ', p, a-Cr and Y203 [8] .
After oxidation for one hour, XRD of the bare NiCrAlY surfaces detected a-A1203, NiA1204 and NiCo20, were the major oxide phases on the un-coated specimens of Rene'NS. The presence of continuous YAG stringers across the scale could compromise the protective nature of the scale by providing a path for rapid inward diffusion of oxygen, or by creating mechanical discontinuities that can act as stress risers. However, the presence of YAG did not degrade the adhesion of the scale or YSZ under the isothermal conditions of this study.
TBC Intevacial Reaction Products
Thermal Cycle Testing
Thermally cycled specimens failed at 348 and 360 cycles, which compares favorably to the reported cyclic lifetimes of similar TBC systems at 1135°C [ 13. Failures occurred by separation of the entire YSZ top coat as one monolithic piece. Failure occurred within the YSZ layer, and the majority of the bond coat surface was still covered with adherent YSZ after separation of the top coating. Evaluation of the bond coat side of the failure surface by XRD indicated zirconia as the major phase, with some Al,O,, spinels and trace amounts of YAG detected.
A NiCrAlY surface particle protruding through the YSZ which remained adhered to the bond coat surface is shown in Fig. 4 During the cooling cycles, compressive thermal expansion mismatch stresses in the YSZ and the alumina scale (enhanced by the relatively sharp radius of the spherical particle) may have contributed to localized scale buckling with delamination occurring along the peaks of the bond coat asperity. The overall scale remained adherent due to the constraint of the overlying strain-tolerant YSZ layer. Other studies have reported that fractures commonly occur within the YSZ near the plane of the bond coat peaks for thermally cycled plasma-sprayed TBCs [3] . It is possible that along the bond coat peaks, out-of-plane tensile stresses caused by scale wedging (due to the growth and fracture of additional scale layers under the YSZ) may be a factor which contributes to top coat separation.
Conclusions
1. The formation and growth of spinels and YAG within the interfacial reaction products of a plasma-sprayed TBC did not degrade the adhesion of the YSZ during accelerated isothermal testing
(1 15OOC) for up to 200 hours.
2.
Failure of the plasma-sprayed YSZ under thermal cycling conditions occurred within the ceramic layer. The plane of separation was coincident with the bond coat peaks.
3.
The presence of multi-layered alumina scales on the failure surfaces of the bond coat peaks indicates localized separation and reformation of the interfacial scale underneath the YSZ during thermal cycling. Growth of the layered subscales at bond coat peaks may be a contributing mechanism to failure of plasma-sprayed TBCs. 
DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, ur assums any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement. recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof. 
